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The Integrated Systems Test of an Airbreathing Rocket (ISTAR) project was a flight demonstration project 
initiated to advance the state of the art in Rocket Based Combined Cycle (RBCC) propulsion development. The 
primary objective of the ISTAR project was to develop a reusable air breathing vehicle and enabling technologies. 
This concept incorporated a RBCC propulsion system to enable the vehicle to be air dropped at Mach 0.7 and 
accelerated up to Mach 7 flight culminating in a demonstration of hydrocarbon scramjet operation. A series of 
component experiments was planned to reduce the level of risk and to advance the technology base. This paper 
summarizes the status of a full scale direct connect combustor experiment with heated endothermic hydrocarbon 
fuels. This is the first use of the NASA GRC Hypersonic Tunnel facility to support a direct-connect test. The 
technical and mechanical challenges involved with adapting this facility, previously used only in the free-jet 
configuration, for use in direct connect mode will be also described. 


I. Introduction 

Reducing the cost of space access and improving safety are key elements of NASA’s aerospace vision. Through 
the Next Generation Launch Technology (NGLT) program, significant investments were made to develop re-usable 
hypersonic vehicles and propulsion technologies in support of this vision. 1 2 This program focused on two-combined 
cycle propulsion demonstrators, one based on rocket engines and the other on turbine engines. The Integrated 
Systems Test of an Airbreathing Rocket (ISTAR) was the Rocket Based Combined Cycle (RBCC) demonstration 
project. 3 The Revolutionary Turbine Accelerator (RTA) was the Turbine Based Combined Cycle (TBCC) 
demonstration project. 4 

Hydrocarbon (HC) fuel is required to close the flight demonstration mission because of the volumetric 
advantage (energy density) of the HC fuel (compared to hydrogen). This proposed flight demonstration represented 
an important technical step towards the development of a hypersonic vehicle capable of orbital access. 

II. RBCC Experiment 

The ISTAR engine was being developed by a unique industry-government partnership and four NASA Centers 
working collectively to increase the system level understanding of hypersonic flight vehicles through design 
optimization studies coupled with critical experiments. Where possible, target goals have been driven by the system 
needs, and the focus has not been isolated into any single technical area. 

There are many technical challenges involved with the combustor for this RBCC propulsion system. The tools 
available for combustor design lack the high level of technical confidence needed to accurately predict even routine 
applications, and the combustor must go through several distinctive modes of operation: Air-Augmented Rocket 
(ARR), Ramjet, and finally the Scramjet mode. Therefore, the combustion system must be designed to handle a wide 
range of local operating conditions in a very stable and reliable manner in order to maintain engine performance 
through the flight mission. The design cycle chosen incorporates a fixed combustor geometry which utilizes thermal 
choking versus a mechanically variable geometry to control the combustor operation. Where possible the ISTAR 
team made extensive use of both the National Aerospace Plane (NASP) database and the more recent Department of 
Defense/Air Force (DoD/AF) combustion database, obtained under the Hypersonic Technology (HyTech) program, 5 
to assist in designing the engine flowpath. However, the differences in requirements for the ISTAR mission, such as 
lower Mach number mode transition, led to the need for the additional RBCC demonstrations such as the present 
direct connect experiment. 
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The X-43 class vehicle mission of flying a hypersonic X-vehicle from Mach 0.7 to a speed of Mach 7 drove the 
design of the ISTAR (designated X-43B) engine. The team arrived at the current engine design based on existing 
performance information after several engine configuration iterations. The final X-43B Flight Test Engine (FTE) 
configuration, shown in figure 1, consists of four engine modules with each containing three struts and two sidewalls 
to form the engine. The engine struts were used to integrate rocket thrusters and fuel injectors into the flowpath. 
Several assumed performance characteristics, such as isolator backpressure capability, flame stability limits, mixing 
efficiency, and overall combustion efficiency, required experimental validation. 

Testing a full scale FTE is not possible because the facility needed to accommodate an engine this size is not 
currently available. Thus the decision was made to build a full scale direct connect combustor rig enabling 
combustor performance to be well characterized. Additional sub-scale and component performance testing would be 
conducted to compliment this experiment and to ultimately reach a high level of certainty in the engine performance. 

In most cases, testing of sub-scale hardware coupled with analysis is used to assess the flight hardware engine 
performance for demonstrating next generation engines at a lower risk and cost. For some components, scaling 
down to smaller test hardware and inferring data to full scale hardware is the design practice. Reasonable 
understanding of the available sub-scale FE-fueled engine performance data and its limitations can be obtained from 
Voland et al. 6 Flowever, this level of design maturity does not extend to FIC-fueled dual-mode combustors, where a 
large number of parameters reside outside of the current experience accumulated in databases. The variety of 
technical challenges in developing a FIC-fueled dual-mode engine is summarized by Waltrup 7 and Tishkoff. 8 

The dual-mode Direct Connect Combustor (DCC) experiment is to be conducted at NASA’s Flypersonic Tunnel 
Facility (HTF), located at Plum Brook Station, a satellite of GRC, 9 because of the available power infrastructure 
capable of handling large-scale experiments. This direct connect combustor experiment required numerous 
modifications to the HTF facility. These included the addition of a heated fuel supply and distribution system, 
updating the capabilities of the data acquisition system, and installing a gas sampling system. The major challenge 
was the task of designing the direct-connect test article and installation of hardware that will survive the high 
enthalpy test environment. 


III. RBCC Combustor Research Objectives 

The objective of the experiment is to demonstrate efficient and stable combustion of the endothermic HC fuel 
throughout the hypersonic accelerator trajectory while developing a parametric database over a range of off design 
test conditions so that a high level of confidence can be obtained for the hypersonic flight demonstration mission. 
Initially, the direct connect combustor experimental investigation will focus on the combustor performance issues 
and limitations at the Mach 3.5 flight condition. This will be followed by a similar experimental investigation at 
Mach 5 and 7 conditions to ensure that any candidate fueling configuration does not adversely impact the overall 
performance of the engine and stability at the higher flight speeds. A conceptual view of the required fuel staging at 
various flight engine modes is illustrated in figure 2. 

For the Mach 3.5 flight condition, the combustor operation must be sufficiently stable to enable a smooth 
transition from AAR mode to the Ramjet operation. The design incorporates fuel staging, aided by a pilot flame, to 
tailor the burner for optimal and stable operations throughout the engine’s mission profile. It is critical to obtain a 
quantitative understanding of the impact that the location of the injectors has on the flame stability, flame spread, 
backpressure characteristics, and thermal throat location for this fixed geometry combustor across the Mach number 
range. 

The physical state of the fuel that is injected has also been a source of uncertainties 5 10 in past investigations 
because the injectors are usually designed with supercritical HC fuel characteristics and any deviation from that 
design state tends to cause significant performance losses. Figure 3 shows typical fuel penetration characteristics 
used in the design of this burner. This figure shows two sets of trends for fuel penetration; the upper curve is the gas- 
phase injector penetration, and the lower set is the penetration characteristics of liquid phase fuel. 11 A significant 
drop in fuel penetration may occur if the fuel state is changed from gas to liquid; such a change will have a negative 
performance impact. The lack of fundamental HC injection data is further illustrated in figure 4, which compares the 
currently needed data for the penetration and spreading with the currently available database. 12 The fuel penetration 
is essential because it affects the ability to propagate the flame from the front injectors to the secondary injectors in 
the aft portion of the combustor with enough heat addition to form a thermal throat within the combustor, which is 
critical to the engine operation. Maintaining a stable flame while the burner entry condition changes is a difficult 
problem and strongly tied to a particular flame holder configuration. 13 14 Two criteria of particular importance are 
the flame sensitivity to various environmental changes and the range of pilot fuel flow required to sustain the 
primary combustion in place. Therefore, a wide range of entry conditions, fuel temperatures, fuel splits, and wall 
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temperature conditions, (beyond the baseline combustor environment conditions), will be carefully measured and 
studied. Once the cause and effects of the fueling parameters are well understood, a smooth fuel staging scheme 
needed to match burner entry variation can be developed and implemented. 

It is also well known that the stability of a combustion system has sensitivities due to the chemical content of 
the test medium. 1516 Brabbs et. al., 17 showed that under ideal circumstances, vitiated contaminants can cause a 
change in ignition delay, leading to erroneous conclusions for the flight performance and operability in air. HTF is a 
non-vitiated facility where inherent trace species and water contaminates can be avoided. Therefore, this direct 
connect combustor experiment represents a unique opportunity to study flame stability limits of a burner 
configuration in synthetic air. 

Precise understanding of non-premixed flame stability limits in open literature for hydrocarbon fuels, especially 
for JP7, is limited. Figure 5 shows the designed stability limit for this HC burner and is compared with a curve fit of 
the pre-mixed data as summarized by Ozawa. 14 Currently, HC burner operability predictions cannot be made with a 
high level of confidence due to the lack of credible high fidelity data for non-premixed situations. In addition, pilot 
flames have been shown in the past as an effective way of widening the flame stability range of various burner 
designs. 7 Therefore, the re-circulation region aft of the strut is fueled to create a pilot flame region. However, fuel to 
the pilot region typically contributes little to the overall propulsion system performance. From the current designer’s 
view there is an incentive to minimize the amount of fuel into this region, which would take fuel away from the 
primary fuel injection locations. The quantity of the fuel needed to maintain stability is one of the key measurements 
needed to understand how to maximize combustor performance. 

IV. Direct Connect Combustor 

The direct connect combustor rig is presented in figures 6 and 7. This rig was designed with the mechanical 
flexibility and the thermal- structural margin needed to simulate dual-mode combustor operation at Mach numbers of 
3.5, 5.0, and 7.0. These Mach numbers represent the points in the current mission profile at which a significant 
change in combustor flow physics must occur. The Mach 3.5 point is the transition from AAR to ramjet operation 
(lowest enthalpy) where the challenges of maintaining combustion and flame holding are the greatest. The Mach 5 
point is where the combustor experiences maximum internal pressure and begins transition to scram operation, and 
the Mach 7 point is the highest enthalpy region associated with material thermal challenges and demonstration of 
scram operation. 

The design trade study was driven by the critical impact that the burner thermal environment has on flame 
stability, and the requirement to match the essential thermal environment of the FTE combustor. There are various 
pros and cons to all choices of materials and rig configurations. This trade study concluded that while a cooled 
combustor rig using stainless steel construction would be more flexible in that it would provide a controlled 
environment suitable for this combustor, using a heated material would better fit our desire to ultimately simulate 
the actual Mach 7 burner environment. Therefore, the combustor rig was designed and fabricated using C 18 150 and 
CU107 type copper alloys. At the same time, issues relating to large heat losses in the various regions of the 
combustors were considered. Here, we relied on lessons learned by the DoD program to avoid or to minimize the 
difficulties of the past in translating the heat sink combustor- based performance data to an endothermically cooled 
‘hot’ combustor environment. 10 The vision flight RBCC engine uses a fuel-cooled burner design, in which the 
injectors are designed using gas-phase data information and tools corrected for HC fuel. Hence, there is a direct 
impact on combustor performance if the desired condition of the fuel injected cannot be maintained. In addition, 
heat loss in various combustor regions, like the flame holding region; have been found to be important in the past. 
This type of heat loss was the major concern and the primary driver for the current DCC rig design. The fuel 
injectors (shown in fig. 8) are designed to be thermally isolated from the heat sink rig environment and are 
fabricated from Inconel to minimize any heat loss in the aft injectors. In addition, the flame holding strut base 
regions and the forward injector region are made of 347 stainless steel and are instrumented with TCs to 
quantitatively characterize the high temperature pilot region. The combustor walls are thermal barrier coated (TBC) 
to minimize heat loss and to provide a more accurate simulation of the FTE thermal environment, (i.e., wall 
temperature and boundary layer effects). In addition, a number of the key wall location temperatures will be 
measured to quantitatively characterize the actual wall heat flux and the resulting conductive heat loss. In order to 
characterize the overall engine performance the test article incorporates 350 static pressure taps and 67 thermal 
couple sites. Here the TCs are installed in triplets so that the transient copper wall temperatures measured can be 
used to infer the wall heat flux. Figure 9 shows typical characteristics of such analyses, done using a data set from a 
finite element model. This figure shows that even under ideal conditions the measured heat flux data may still be 
transient due to various factors, such as directional conduction however, they can still be used to characterize the 
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thermal environment with some additional analytical effort. In order to study the pilot region closely, a set of un- 
cooled windows was added to the combustor rig for visual observations (shown in fig. 10). In addition, a set of 
thermal couples allows for the measurement of recirculation zone temperatures. 

The test gas is provided to the combustor using new direct connect facility nozzles; designed using a method of 
characteristics technique, the Euler mode of the R+ solver. 18 Ultimately, the geometry was re -checked using WIND 
19 analysis. A typical Euler solution and Navier-Stokes solution for the Mach 3.5 nozzle hardware is shown in 
figure 11, along with the hardware configuration for a visual reference. In order to quantitatively characterize and 
verify the inflow condition, the combustor rig has an instrumentation section where three core flow and two 
boundary layer pitot pressure rakes can be inserted. Figure 12 shows the details of the rakes and the installation of 
the rake in the combustor test article. These rakes can also be used to extract a sample and verify test gas 
composition using the gas sampling system shown in figure 13. 

V. Combustor Rig, Facility Capability and Technical Goals 

The primary goal of this combustor experiment is to provide quantitative data to address technology gaps and to 
enhance understanding of endothermic HC-fueled dual-mode combustors. While obtaining the overall combustion 
efficiency of the dual-mode burner is an important part of the proposed experimental study, it is just as critical to 
show that adequate flame holding behavior can be maintained throughout the mission. It is also essential that we 
gain a broad understanding of the burner combustion behavior in order to prevent an unexpected loss of combustor 
operation (i.e., flame out) resulting in mission failure. 

Hence, the combustor performance shall be measured as a function of several parameters, such as fuel flows 
and splits, using two independent techniques with comparisons made for validation. These techniques include a gas 
sampling measurement for direct chemical-based combustion efficiency measurements (exit rakes shown in fig. 14) 
and extracted combustion efficiency data based on wall pressure measurements. Enhancement of the confidence of 
these measurements can be made through an analysis of the thermal environment of the burner. The large-scale 
combustor rig has been designed to avoid the inherent sub-scale combustion challenges, such as flame holding, or 
compromised testing at conditions that may not be characteristic of the expected combustor environment. 

Initially, the experimental investigation will focus on the low flight enthalpy Mach 3.5 condition. Some of the 
key objectives of this experiment include determining: (a) the impact of injector locations and fuel splits on the 
burner pressure characteristics, injector configuration, associated isolator behavior, thermal throat location, and 
combustion efficiency; (b) the ability to hold a stable flame via piloted base regions and ranges for fuel flow needed; 
(c) the sensitivity of the flame in the combustor to entry condition perturbations and fuel state and (d) thermal 
environment of the burner under various flight conditions. 20 The combustor ignition is accomplished using silane 
(a mixture of 80 percent H 2 and 20 percent SiH 4 by volume) injected through separate injector ports added to the 
combustor rig. 

The test matrix for the combustor experiment was developed around the planned fuel injector parametric where 
operational behaviors are largely unknown. In order to achieve desired combustor performance, three sets of 
injectors are used together to tailor the heat release required to generate the desired burner performance. The 
resulting data will aid in developing an optimal final fuel injector-staging configuration for the engine. In addition, 
the key fuel injector locations are instrumented with thermal couples (TC) for more accurate assessment of the fuel 
state at the injector. This will verify that the correct fuel injection temperature matching the flight conditions are 
obtained during a run. 

As discussed earlier, high-resolution combustor wall pressure measurements will be used to infer the 
combustion efficiency from a local chemical equilibrium-based analytical performance analysis tool. A typical 
combustion efficiency prediction made with such a design tool, taken from Yungster et. ah, 21 is shown in figure 15. 
This figure shows that reasonable dual-mode performance can be achieved through fuel staging if the HC fuel can 
be thermally processed, injected, mixed, and burned as predicted by this model. 

The backpressure characteristic of the burner will also be explored as a function of injector locations and fuel 
injector state. Once the back pressure characteristics have been determined, an optimal fueling configuration will be 
chosen to study the operability range of the pilot flame. Here, the stability data will be obtained as a function of 
quantitative information obtained from the heater, the rig, and the injectors, coupled with the visual observation 
obtained through the combustor window. The stability data will be used to compare with other premixed and non- 
premixed burners. Furthermore, the pilot region visual and thermocouple data will be compared with predictions 
obtained under Well Stirred Reactor (WSR) assumptions to determine the effectiveness of this pilot configuration. 
Once the preliminary understanding of the piloting capability is known, the combustor performance and operability 
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limits will be mapped out. A similar study will also be conducted to map out the thermal throat control. The injector 
parametric will be used to place a thermal throat in various locations within the combustor. 

This direct connect experimental configuration does not precisely simulate the flight engine isolator because the 
fore body boundary layer cannot be matched and the shock structure is not completely replicated. Therefore, some 
inlet correction 22 to the isolator data obtained may be needed to translate the results to the FTE environment. 
Nevertheless, the isolator-combustor interaction behavior can and will be studied by using a unique multiple passage 
engine isolator-facility isolator configuration. Here, issues such as the ultimate isolator limits, 23 isolator-to-isolator 
interactions and fuel injection tailoring will be the focus of the experiments proposed. 

The database obtained from these experiments will serve as the basis for laying out flame holder-injector- 
combustion configurations for the future FTE that are both stable and optimal in terms of overall chemical 
combustion efficiency. 


VI. Facility Features and Status 


A. Current Facility Features 

NASA’s HTF uses a unique synthetic air system to provide the test medium for the experiment. A graphite 
storage heater is used to heat up compressed nitrogen (N 2 ) to a high temperature, after which it is passed through a 
mixing section where the proper amount of oxygen (0 2 ) to create ‘synthetic’ air is added to the main flow. The 
resulting test medium does not contain any of the chemical contaminates such as water or carbon dioxide associated 
with combustion heated (vitiated) hypersonic facilities. A steam ejector system is used to provide the altitude 
exhaust condition for the facility. Figure 16 shows a simple schematic of the HTF facility; further details of the free- 
jet HTF capability is summarized by Thomas. 9 The current HTF free-jet and combustor simulation capabilities are 
shown in figure 17, along with a typical air-breathing hypersonic flight corridor. Gas sampling is used to verify the 
test flow composition. 

B. HTF-DCC Facility Modifications 

Some of the facility’s logic, control valve and flow meters were replaced in order to improve accuracy with the 
Tow’ flow characteristic (< 50 lbm/s) of the Direct Connect combustor’s flow field (compared to free-jet operation). 
Figure 18 shows the typical coriolis flow- meter which were added to both the N 2 and 0 2 supply lines to accurately 
measure and control the flows for the combustor experiment. The updated digital HTF flow control system also 
allows for fine control and measurement of the flow over the full range of facility flow conditions. In addition, a 
new mixer extension was added upstream of the facility nozzle to allow for a sufficient mixing distance to assure a 
uniform test flow composition. 

A new 96-channel dynamic data system was also installed and 406 Electronically Scanned Pressure (ESP) data 
channels are now available to allow for higher fidelity static pressure measurements. This resolution is required for 
an accurate internal force integration/engine thrust determination, and hence, a more accurate combustion efficiency 
calculation. 

C. Fuel Heater 

A new endothermic fuel heater system capable of conditioning the fuel in a manner that replicates the state of 
the fuel in the regeneratively fuel cooled flight engine heat exchanger (at flight condition) in both temperature and 
composition (level of cracking) was designed and built. There are four similar fuel heaters in the United States; at 
NASA LaRC, UTRC, ATK GASL, and AFRL. All use electrical power to cause an endothermic reaction of the HC 
fuel. 10 The heaters at UTRC and ATK GASL are very similar and were both built by UTRC. AFRL Cell-22 heater is 
based on the UTRC design but was built by AFRL. The NASA LaRC heater 24 is an identical copy of the heater at 
GASL and was built by GASL. The current GRC-HTF heater system was designed from the best features of all of 
these heaters and incorporated improvements from lessons learned from these systems. Furthermore, the new GRC 
heater is the largest in terms of fuel flow capability, and has incorporated a new fuel flow measurement system with 
improved accuracy and controllability. These two features lead to a unique capability to enable accurate assessment 
of combustor performance and stability, data that will be unique and essential. The final resulting design, shown in 
figure 19, is an optimized design for application in this experimental study of HC-fueled dual-mode combustors, ft is 
expected that this design, with its accurate control system and valve system, can provide several steady-state data 
points within the available time window of any nominal combustor test. 
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D. HTF DCC Status and Integrated System Test (1ST) 

Currently, the coriolis N 2 and 0 2 meters are completely installed, tested and ready to go. These flow meters and 
flow valves can control and supply up to 100 lbm/s of flow to the combustor with high precision. The new digital 
flow control system for the coriolis meters has also been installed and programmed. The Hypersonic Tunnel 
Facility’s synthetic air system has been recertified for operation with improved accuracy to support the DCC test 
conditions. The fuel system and the secondary systems discussed previously are not completed; however all of the 
fuel heater system components have been procured, with the exception of the fuel scrap tank. Currently there is a 
programmatic uncertainty and funding has not been provided to complete this test. However, as outlined in this 
paper, the preparations have been made and the Mach 3.5 phase of this experiment is still expected to take place in 
the near future. 

A separate set of (temporary) facility tunnel circuit components were built to accommodate the initial facility 
calibration and start up experiment. Figure 20 shows the configuration of this hardware installed at HTF. This 
installation features all of the inlet rake mounts so that it can be used for nozzle calibration tests without exposing 
the actual combustor test article during initial facility checkout, minimizing risk and additional test time on the test 
article. A facility Integrated Systems Test (1ST) is scheduled for early next year to demonstrate and to validate the 
new facility capabilities. This 1ST will characterize the flow quality of the direct connect combustor rig nozzle and 
verify the test flow composition. Following this 1ST the DCC will be installed and the facility preparations 
completed for the Mach 3.5 test. Currently all test rig hardware has been designed and fabricated for this test. 

VII. Summary 

A brief summary of the full-scale direct connect combustor experimental capability developed at GRC-HTF has 
been presented, along with a discussion of the technical goal of the project and the mechanical challenges resulting 
from adopting a large scale free-jet facility for use as a direct connect combustor facility. An overview of the newly 
developed capabilities of the facility was given, and compared with the major technical challenges of the 1STAR 
project. Currently, we have completed the majority of test article/facility preparations and are awaiting the 
completion of support systems. This new facility capability and DCC experiment will provide a significant 
contribution to the existing HC hypersonic database. An extensive test matrix has been developed to explore the 
HC-fueled combustor operational map, including stability characteristics. This promises to be a unique and fruitful 
endeavor needed by the high-speed community. The HTF direct connect combustion rig is now a valuable asset for 
the hypersonic research community due to the large scale, clean flow, and the ability to provide heated hydrocarbon 
(HC) fuel to simulate the range of flight conditions and thermodynamic environments that the vehicle may 
encounter. 
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Figure 1. — Generic view of Flight Test Engine and X-43 class vehicle. 
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Transition 



Figure 2. — RBCC engine burner modes required for the X-43B mission. 


Penetration 



Figure 3. — Typical fuel penetration characteristic 
of gas-phase sonic injector compared with 
liquid injector. 
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Supersonic Jet Penetration/Spreading 



Figure 4. — Typical normalized penetration and spreading 
characteristics of supersonic gas injection 
as function of molecular weight. 


Stability Map 



Figure 5. — Notional flame stability map of ISTAR 
burner compared with premixed data. 
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Figure 6. — Direct Connect Combustor (DCC) Rig, mixer extension, and facility nozzle installation. 
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Figure 7. — Composite view of the combustor test rig and TBC’d pressure instrumentation panel. 
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Figure 8. — Combustor instrumentation layout and 
various aft injector parametric capabilities. 



Nominal Heat Flux 



Figure 9. — Thermal couple(TC) triplet configuration and a typical heat flux 
computations using finite element model prediction. 
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Figure 10. — Typical combustor window view factor. 
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Figure 11. — Direct Connect Combustor nozzle design and hardware configuration. 
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Figure 12. — Total pressure/gas sampling rakes 
(two boundary layer rakes and five core rakes shown). 



Figure 13. — Gas sample rack used in the chemical 
combustion efficiency analysis. 
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Figure 14. — Combustor exit rake configuration. 
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Figure 15. — One-dimensional performance characterization of 
the current combustor (Yungster). 
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Hypersonic Tunnel Facility - Isometric View 



Figure 16. — View of the NASA Glenn Research Center's 
Hypersonic Tunnel Facility (HTF). 
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Figure 17. — Current HTF free-jet and direct connect 
combustor simulation capability. 
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Figure 18. — -New HTF N 2 and 0 2 flow meters and control valves. 



Figure 19. — Fuel Heater integration with the HTF Combustor 
experiment in the test cabin. 
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HIT Direct Connect Flowpath Installation 
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Figure 20. — Test Article used in facility nozzle calibration and 1ST. 
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